ABSTRACT: Growth of otavite (CdCO 3 ) and spherocobaltite (CoCO 3 ) has been promoted on dolomite (10.4) surfaces at room temperature by immersing cleaved dolomite crystals in highly supersaturated solutions with respect to those phases. In situ atomic force microscopy (AFM) observations show that otavite and spherocobaltite overgrow preferentially on dolomite step edges and (10.4) terraces by two-dimensional nucleation. High-resolution friction AFM images reveal the parallelism between the lattices of the overgrowths and the substrate, demonstrating that the growth of otavite and spherocobaltite on dolomite (10.4) surfaces is epitaxial. Similar values of lattice parameters measured on high-resolution friction images of substrates and overgrowths indicate the accommodation of the otavite and spherocobaltite (10.4) surface lattices to the dolomite substrate structure. The frictional response of otavite and spherocobaltite overgrowth surfaces resulted to be significantly higher than that of dolomite. These differences in frictional response can be attributed to the strain generated by the misfits between dolomite substrates and the overgrowths.
INTRODUCTION
Contamination of soil and natural water by heavy metals (e.g., Cd, Co, Pb, Hg, Zn) has an increasing impact on the human society. These metals can produce severe health problems as they enter in the food chain. 1 Particularly, cadmium and cadmium compounds have been defined by the International Agency for Research on Cancer as carcinogenic to humans, 2 and cobalt, a trace element essential for life (i.e., vitamin B 12 ), has also been classified as potentially carcinogenic, despite insufficient evidence. 3 Furthermore, cadmium and cobalt could produce other health problems, e.g., kidney damage, spontaneous abortions, and bone demineralization in the case of cadmium 4 and cardiomyopathy and reduction of pulmonary and spermatogenesis functions in the case of cobalt. 5 A commonly proposed remediation method to reduce the amount of heavy metals in soil and water is their sequestration using minerals to uptake dissolved cations. 6−8 Among the most common minerals, carbonates have been recognized as suitable natural materials to remove a number of pollutants from soil and natural and industrial waters. 7,9−11 Thus, to better understand and control mineral-based removal mechanisms of inorganic and organic contaminants, it is essential to study the interactions at the nanoscale between polluted water and the surfaces of carbonate minerals. In particular, it is relevant (i) to determine minimum concentration levels in the aqueous solutions for the formation on pre-existing surfaces of both adsorbates and carbonate solid solutions containing metals, (ii) to identify the growth mechanism of newly formed layers (i.e., epitaxial/topotaxial or adsorption/absorption of molecules), and (iii) to evaluate the stability of contaminant-bearing layers grown on specific mineral surfaces.
To date, only a few experiments on the growth of cadmium and cobalt compounds on calcite and dolomite (10.4) surfaces have been reported. 12−19 Although all of these publications have provided interesting information about the interactions between calcite and dolomite surfaces and metal-bearing aqueous solutions, more research is required to characterize the structure and stability of the overgrowths formed on those surfaces.
In this article, we present an atomic force microscopy (AFM) study of the growth of otavite (CdCO 3 )and spherocobaltite (CoCO 3 ) on dolomite (10.4) surfaces from aqueous solutions. The aim of this work is to investigate both the conditions under which cadmium-and cobalt-bearing overgrowths are formed on the dolomite (10.4) surface and the crystallochemical constraints of the growth process. We pay special attention to the influence of the lattice misfits between the overgrowths and the dolomite substrates on the growth mechanism. Moreover, we provide a novel character-ization of otavite and spherocobaltite overgrowths by an in situ measurement of their frictional response from the lateral force signal of the AFM.
MATERIALS AND METHODS
2.1. Dolomite Sample Characterization. Crystals used in this work are of natural dolomite (CaMg(CO 3 ) 2 ) from Eugui, Spain. These crystals were confirmed to be dolomite by X-ray powder diffraction using a Siemens D-500 diffractometer equipped with a Cu Kα source and chemical analyses performed with a scanning electron microscope (JEOL JSM-6400 40 kV) equipped with an energy-dispersive X-ray (EDX) spectrometer (Link-analytical EDX system). All collected powder diffractograms fitted to the PDF-2 number 75-1710, which corresponds to natural dolomite ( Figure  S1 , Supporting Information). EDX analyses are consistent with an almost stoichiometric natural dolomite with small amounts of Mn and Fe ( Figure S2 , Supporting Information).
Scanning Electron Microscopy (SEM)
Observa-tions and EDX Analyses. Dolomite crystals were immersed in supersaturated solutions with respect to otavite or spherocobaltite (Table 1) . These crystals were previously cleaved with a razor blade to obtain small rhombohedra showing faces with approximate areas of 20 × 20 mm 2 . Then, they were placed in plastic vessels filled with 2 mL of the supersaturated solutions. Vessels were closed to avoid evaporation and kept at room temperature for 24 h to promote the formation of otavite overgrowths and up to 13 days for observing spherocobaltite overgrowths. Subsequently, crystals were removed from the vessels, dried at room temperature, and imaged with a scanning electron microscope (JEOL JSM-6400 40 kV). The surfaces were chemically analyzed with an energy-dispersive X-ray spectrometer (Link-analytical EDX system).
2.3. In Situ AFM Crystal Growth Experiments. In situ experiments were conducted using an atomic force microscope (Nanoscope IIIA Multimode, Veeco Instruments) equipped with a ∼15 × 15 μm 2 scanner and a closed fluid cell with an approximate volume of 100 μL. Topography, vertical deflection, and lateral deflection images were recorded with 512 lines per scan, scan rates ranging from 5 to 61 Hz, and scan areas ranging from 10 × 10 nm 2 to 14 × 14 μm 2 . Silicon nitride AFM tips supported by triangular cantilevers with a nominal spring constant of 0.06 N/m and a nominal tip radius of 2 nm (Bruker SNL-10D) were used. Dolomite crystals were cleaved along (10.4) faces with a razor blade just before placing them in the AFM fluid cell. Prior to each growth experiment, deionized water was injected to remove the impurities on dolomite surfaces and to adjust AFM parameters. Then, the growth of otavite and spherocobaltite was promoted on dolomite (10.4) surfaces by exposing them to supersaturated aqueous solutions with respect to these phases at room temperature ( Table 1) . Series of AFM images were recorded during the growth process and subsequently analyzed with software packages Nanoscope Analysis and WSxM. 20 Lattice periodicities of substrates and overgrowths were estimated from two-dimensional (2D) fast Fourier transform maps calculated on high-resolution images using WSxM software. 20 2.4. Supersaturated Solutions. Solutions used to promote the formation of overgrowths on dolomite were prepared from reagentgrade CdCl 2 ·2.5H 2 O and CoCl 2 ·6H 2 O and 0.5 M solution of Na 2 CO 3 and using deionized water (Milli-Q, resistivity 18 MΩ cm). The supersaturations of the solutions with respect to otavite and spherocobaltite were calculated using the PHREEQC code for chemical speciation and the PHREEQC.dat database. 21 The solubility product of spherocobaltite was taken from the Minteq.v4.dat database. 21 Supersaturations were calculated with the following general expression
where a(M 2+ ) are the activities of the cations (Cd 2+ or Co 2+ ), a(CO 3 2− ) is the activity of the CO 3 2− anion, and K sp is the solubility product of otavite (K sp,otav =10 −12.10 )or spherocobaltite (K sp,spco = 10 −9.98 ). To calculate the super-saturations of both otavite and spherocobaltite, PHREEQC was run as a closed system. Table 1 shows the composition and supersaturations of the solutions, with respect to otavite and spherocobaltite, used in the experiments at 25 °C.
2.5. Nanotribological Measurements. Frictional re-sponse of the surfaces was measured by recording lateral deflection images during increasing−decreasing cycles of normal forces between the AFM tip and the samples. The sizes of the images recorded during these measurements were about 250 × 250 nm 2 , corresponding to about 150 000 surface unit cells. The equation used to estimate the normal force was 22 
F
Sk V
where k N is the normal spring constant (k N = 0.06 N/m), S is the sensitivity of the photodetector (calculated from force− distance curves recorded for each experiment), and V N is the set point value (in volts). To calculate the lateral forces, the following equation was used
where H is the sum of half of the cantilever thickness and the tip height (H = 5.3 μm), L is the length of the cantilever (L = 205 μm), k T is the torsional spring constant of the cantilever (k T = 47.02 N/ m), and V L is the difference of the averaged trace and retrace signals divided by 2. The parameter k T was estimated from k N and the cantilever geometry using the formula proposed by Noy et al.
where θ is the angle of the triangular cantilever (60° for the tips used), ν is the Poisson ratio for the silicon nitride tips (0.24), and h is the height of the tip (5 μm).
RESULTS AND DISCUSSION
3.1. SEM Observations. Dolomite (10.4) surfaces exposed to Cd-bearing solutions with a supersaturation with respect to otavite (β otav = 900) are coated after 24 h of reaction with an almost homogeneous thin layer ( Figure 1A ). In the experi-ments conducted using Cd-bearing solutions with super-saturations lower than β otav = 900, the formation of such a layer was not observed with SEM. Differently, overgrowth formation on dolomite surfaces from Co-bearing solutions was only detected when solutions with supersaturations for spheroco-baltite β spco = 100 were used, and only after reaction times longer than 48 h, a thin patched layer is deposited ( Figure 1B ). For supersaturations with respect to spherocobaltite higher than β spco = 100, almost instantaneous homogeneous nucleation occurs in the bulk of the solutions, precluding a clear observation of epitaxial growth of spherocobaltite on dolomite. Such a nucleation is detected by a greenish turbidity, which masks the formation of overgrowths on the surfaces.
Because the observed overgrowth formation on the dolomite (10.4) surface consisted in the deposition of a few monolayers (a few nanometers in thickness), partially carpeting the surfaces, EDX analyses of the overgrowths are affected by the composition of the dolomite substrate. Therefore, considering that the EDX detection depth is ∼2 μm, such analyses did not allow us to quantify the Cd and Co content, which remained below the detection limit of this technique (∼2 ppm).
In
In AFM experiments, the formation of overgrowths started just after the first injection of the Cd-bearing solutions in the AFM fluid cell (see experiments labeled as Otav-in Table 1 ). Lateral force images were recorded while scanning almost parallel to the [42.1] direction on the (10.4) dolomite faces. A series of consecutive images show that overgrowths form by 2D nucleation on dolomite (10.4) terraces and cleavage step edges, in agreement with observations previously reported by Callagon et al. 18 Once nucleated, 2D islands spread to cover almost all of the surface (Figure 2A ). Highresolution friction images taken on both the dolomite substrate and the overgrowths showed that the lattices of both phases are almost identical and parallel ( Figure 2B,C) . This demonstrates that the newly formed phase is otavite and it grows epitaxially on the dolomite ( 24 This small discrepancy, which can be attributed to calibration issues, does not affect the relative misfit as subsequently calculated using eq 5. The periodicities estimated on the otavite overgrowths in a similar way along the [01.0] and [42.1] directions are 0.48 and 0.82 nm, respectively ( Figures 2C and S4, Supporting Information) . These values are very close to those measured on dolomite.
The observation of overgrowth formation of otavite on dolomite differs from the previously reported observations of otavite growing on calcite surfaces. 13, 16 Whereas otavite 2D islands do not show any preferentially orientation with respect to the dolomite substrate, on calcite, they are elongated along the [42.1] direction. 13, 16 Furthermore, the step decoration observed on dolomite substrates (Figure 2A and observations reported by Callagon et al. 18 ) was not detected on calcite substrates.
Spherocobaltite
Growth on Dolomite (10.4) Sur-face. The formation of overgrowths from Co-bearing solutions on dolomite surfaces occurs by an almost instantaneous nucleation on the step edges (see experiments labeled as Spcoin Table 1 ; Figure 3A) . Only a few 2D islands form on the terraces, probably due to the presence of point defects or impurities located on the surfaces. As can be seen in Figure 3A , 2D islands grow preferentially along the [48.1] direction of the dolomite substrate. High-resolution images recorded on the overgrowth and on the dolomite substrate clearly showed the parallelism between the lattices of both phases ( Figure 3B,C) . This demonstrates that the new phase formed from Co-bearing solutions is spherocobaltite and its growth on the dolomite (10.4) surface is epitaxial. Our observations of spherocobaltite growing on dolomite surfaces contrast with the previously reported formation of an amorphous Co-bearing hydroxy-carbonate phase on calcite (10.4) surfaces. 16 The formation of different phases on dolomite and calcite (10.4) surfaces from Co-bearing solutions can be due to both the different supersaturations with respect to the spherocobaltite in the solutions and the different substrates used. As in the case of otavite, spherocobaltite lattice parameters were estimated on the high-resolution images ( Figures 3C and S5 Table 2 shows the misfits of otavite−dolomite and spherocobaltite−dolomite epitaxial pairs, calculated using the (10.4) surface lattice parameters derived from bulk structures. As can be seen in Table 2 , misfits are negative for the otavite− dolomite epitaxial pair and positive for the spherocobaltite− dolomite epitaxial pair. This indicates that whereas the epitaxial growth of otavite on the dolomite (10.4) surface should result in a contraction of the overgrowth lattice, the spherocobaltite formation on the dolomite (10.4) surface should imply a relaxation of the overgrowth lattice. This hypothesis is fully confirmed by our measurements. As already noticed in Table 1 ). Dark gray areas correspond to the dolomite substrate, and bright gray areas are the otavite 2D islands (about three monolayers ∼0.9 nm in thickness). High-resolution friction images of (B) dolomite substrate and (C) otavite overgrowth (9 × 9 nm Table  1 ). Dark gray areas correspond to the dolomite substrate, and bright gray areas are the spherocobaltite overgrowth (about five monolayers ∼1.5 nm in thickness). High-resolution friction images of (B) dolomite substrate and (C) spherocobaltite overgrowth (6 × 6 nm 2 ). White rectangles show the unit cells on the (10.4) surfaces.
Sections 3.2.1 and 3.2.2, the lattice parameters of both otavite −dolomite and spherocobaltite−dolomite epitaxial pairs, as estimated from the high-resolution lateral force images, are almost identical. This gives strong evidence that the otavite and spherocobaltite surface lattices are shrunk and stretched, respectively, to fit the dolomite substrate perfectly.
The misfits between the overgrowths and the substrates can also explain the different formation behavior observed in the otavite/dolomite and otavite/calcite systems and in the spherocobaltite/dolomite and spherocobaltite/calcite systems. As explained above, when otavite grows on calcite, it shows a preferential orientation along the [42.1] direction, 13, 16 whereas on dolomite, otavite does not have any preferential orientation. Growing on calcite, the otavite structure has to expand to accommodate the deformation, leading to misfits of 1. Spherocobaltite grows on dolomite surfaces but not on calcite substrates in contact with Co solutions. Instead, an amorphous Co-bearing hydroxy-carbonate phase is formed. 16 In this case, the inhibition of spherocobaltite formation could be related to the high misfits between spherocobaltite and calcite when parameters from bulk structure are used (7. Figure 6A ,B. In the applied range of values, no wear was observed while scanning, either on the dolomite substrate or on otavite and spherocobaltite overgrowths. Friction coefficients (μ = dF L /dF N ) for the substrate and the overgrowths can be obtained from linear regression of data shown in Figure 6A ,B. As a result, we obtained μ otav = 0.44 and μ spco = 0.36 for otavite and spherocobaltite, respectively. Both friction coefficients are about 3 times larger than those of the 14 According to the authors, the friction behavior of otavite and calcite is similar. Whereas for normal forces lower than 40 nN, calcite lateral force values are slightly higher than those for otavite, for normal forces above 40 nN, otavite showed faintly higher lateral force values. Differently, in our experiments, we have always observed a much higher frictional signal on otavite than on dolomite. The differences between the nanotribological response of otavite growing on dolomite and on calcite (10.4) surfaces might be related to the different modifications of the lattice parameters when otavite layers accommodate to the dolomite and calcite substrates. Similarly, the relatively high friction values of spherocobaltite reported here for the first time could be also attributed to the accommodation of the spherocobaltite lattice to the dolomite substrate. However, it is difficult to conclude if any other tip− surface interactions can also influence the nanotribological response of the surfaces of otavite, spherocobaltite, dolomite, and calcite. Differences between dolomite and calcite nano-tribological behavior can also be related to the ions picked up by the AFM silicon nitride tip while scanning in contact mode and to different relaxations of the tip apex so covered. 26 A complete explanation of the differences on the nanotribological behavior of these mineral surfaces is beyond the scope of this article, and it would require molecular dynamics simulations also to quantify the influence of other effects on the AFM tip− surface frictional response, such as the formation of hydration layers. 30, 31 
CONCLUSIONS
In summary, growth of otavite and spherocobaltite on the dolomite (10.4) surface can be promoted at room temperature using aqueous solutions highly supersaturated with respect to those phases. The overgrowths formed by 2D nucleation on step edges and terraces of dolomite (10.4) surfaces. Highresolution AFM friction images showed that both phases grow epitaxially on dolomite (10.4) surfaces, with the lattices of the overgrowths and the dolomite (10.4) substrates being parallel.
Lattice measurements performed on high-resolution AFM friction images of otavite and spherocobaltite overgrowths demonstrate that the structures of these minerals accom-modate to the dolomite (10.4) lattice. Due to the misfits between the lattice parameters of otavite and spherocobaltite and those of the dolomite (10.4) surface, structural strains are expected. Such a structural strain might be partially responsible for the higher frictional responses of the overgrowths compared to those of dolomite surfaces.
